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(54) VIBRATION WELDING SYSTEM

(67)  Avibration welding system has a pair of electro-
magnets coupled to afirst workpiece support for effecting
reciprocating movement of the first workpiece support
relative to a second workpiece support, and an electrical
drive system coupled to the electromagnets for succes-
sively energizing and de-energizing the electromagnets
out of phase with each other to effect the reciprocating
movement of the first workpiece support. The drive sys-
tem includes a source of DC current; multiple controllable
electronic switching devices for controllably coupling the

source to, and de-coupling the source from, each of the
electromagnets; current sensors coupled to the electro-
magnets and producing signals representing the currents
supplied to the electromagnets; and control circuitry cou-
pled to the electronic switching devices and receiving the
signals produced by the current sensors for turning the
switching devices on and off to control the energizing and
de-energizing of the electromagnets to effect reciprocat-
ing movement of the first workpiece support.
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Description
FIELD OF THE INVENTION
[0001] This invention relates to vibration welding and particularly to an electronic drive system for vibration welding.
BACKGROUND

[0002] Linear vibration welders are used in the industry to weld two plastic parts, by creating linear oscillatory motion
of one part relative to another part. As the parts are pressed together by force, the oscillatory motion generates heat,
which melts the adjacent surfaces of the plastic parts and creates a weld after the parts cool.

[0003] The vibratory movement of one part relative to another part is generated by two electromagnets positioned
between movable and stationary parts of the welder. Both electromagnets apply force along the same coordinate line,
but in opposite directions. The electromagnets are energized with a 180° phase shift so that when the first electromagnet
is energized, the second electromagnet is de-energized. Conversely, when the second electromagnet is energized, the
first electromagnet is de-energized.

[0004] It is desirable to maintain the frequency of the energizing cycles at the resonant frequency of the movable
mechanical part of the welder; to allow for maximum energy transfer to the parts being welded. It is also desirable to
control the energy applied to the electromagnets, to maintain a desired level of the plastic melting during welding.
[0005] Previous methods to control the electromagnets achieve 180° phase shift between energizing/de-energizing
cycles (see, e.g., U.S. Patent No. 7,520,308), but they still have disadvantages. For example, when a three-phase output
drive is used to control two electromagnets, two of the phases are used to drive the two electromagnets, and both
electromagnets have a common wire connected to the third phase. The third phase is therefore loaded twice as much
as either the first or second phase, which stresses the third phase control element (typically an IGBT transistor). Also,
the overall timing of energizing and de-energizing is fixed, while PWM is used to control the amount of energy delivered
to each electromagnet because a PWM controller is a standard drive solution in a three-phase motor control. But this
has the disadvantage of having a slow response time, limited by the frequency of the PWM controller. In addition, use
of the PWM controller for this application causes excessive switching of the output power elements (IGBT transistors),
which in turn leads to unwanted power losses, excessive electrical noise and lower system reliability.

[0006] Previous methods of measuring the resonance frequency of the movable mechanical system involved a fre-
quency sweep. In the sweep mode a fairly low voltage (typically 10%-25% of the maximum) was applied to the electro-
magnets and the frequency was stepped in small increments (typically 0.1 Hz) from the lowest to the highest frequency
ofthe machine’s operating range (typically from 200 Hz to 240 Hz). As the frequency was stepped, the amplitude feedback
and/or the drive current output were monitored. The resonant frequency was determined as the one with highest amplitude
feedback and/or lowest current output drive. Once the value of the resonant frequency was determined, it was stored
in the memory of the control module (typically a Programmable Logic Controller or PLC) and passed on to the drive as
its fixed operating frequency. This method of defining the resonant frequency was fairly accurate, but has several inherent
shortcomings. Firstly, it required an operator to remember to go to a "Tuning" mode to sweep the frequency, which was
frequently forgotten in the manufacturing environment. Secondly, the procedure itself was fairly time consuming and
could take up to 3-5 minutes, which was also undesirable in the high volume production environment. Thirdly, the sweep
routing did not address the issues of the machine and tooling warm up in high-volume and high-load types of applications.
As the machine and its components get warmer, the resonant frequency goes down. If the new resonant frequency was
not found, the machine would be running off its optimum mechanical resonance and therefore draw more current,
producing more heat and inducing more stress on its critical components. An avalanche effect (or run away condition)
could develop. To remedy this, the operator had to run frequency sweep every hour or so, which again compromised
the manufacturing efficiency.

[0007] Previous methods to control the welding process were based on the use of a PLC. The linear position of the
welded parts and the pressure between welded parts during welding were monitored and controlled by the PLC. Based
on the information obtained from the sensors, the hydraulic cylinder lifting the table and engaging welded parts was
controlled by the PLC. While the PLC had all the necessary input/output channels to provide such control, its response
time was fairly slow (typically from 5 ms to 20 ms), which could affect repeatability and accuracy of the welding process.

BRIEF SUMMARY

[0008] The presentdisclosure provides a vibration welding system for welding first and second workpieces by effecting
reciprocating movement of the first workpiece relative to the second workpiece while urging the workpieces together.
The vibration welding system includes first and second workpiece supports, with the first workpiece support mounted
for reciprocating movement relative to the second workpiece support. A pair of electromagnets are coupled to the first
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workpiece support for effecting reciprocating movement of the first workpiece support, and an electrical drive system is
coupled to the electromagnets for successively energizing and de-energizing the electromagnets out of phase with each
other to effect the reciprocating movement of the first workpiece support. The drive system includes a source of DC
current; multiple controllable electronic switching devices for controllably coupling the source to, and de-coupling the
source from, each of the electromagnets; current sensors coupled to the electromagnets and producing signals repre-
senting the currents supplied to the electromagnets; and control circuitry coupled to the electronic switching devices
and receiving the signals produced by the current sensors for turning the switching devices on and off to control the
energizing and de-energizing of the electromagnets to effect reciprocating movement of the first workpiece support.
[0009] In one embodiment, the first workpiece support is part of a movable mechanical system that has a resonant
frequency of vibration, the control circuitry is programmed to maintain a preselected time period for each successive
cycle of energizing and de-energizing each of the electromagnets, and the preselected time period corresponds to the
resonant frequency of the movable mechanical system.

[0010] Inoneimplementation, the control circuitry is configured to compare the signals produced by the current sensors
with a preset current level and to control the currents supplied to the electromagnets and thereby control the amount of
energy supplied to the electromagnets and thus to the workpieces.

[0011] Inoneimplementation, the second workpiece is engaged by means of a hydraulic drive activated by the control
circuitry. Pressure between the engaged first and second workpieces, as well as the linear position of the second
workpiece, are monitored by the control circuitry.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The invention may best be understood by reference to the following description taken in conjunction with the
accompanying drawings, in which:

FIG. 1 is a schematic diagram of an electrical control system for a vibration welder.

FIG. 2 is a timing diagram of the energizing currents supplied by the electrical control system of FIG. 1 to the two
driving electromagnets in the vibration welder.

FIG. 3 is a timing diagram of the control signals supplied by the electrical control system of FIG. 1 to the four insulated-
gate bipolar transistors (IGBT’s) associated with one of the electromagnets in the vibration welder.

FIG. 4 is a timing diagram corresponding to the first cycle of the upper line of FIG. 2 but with a different set point for
the maximum value of the electrical current supplied to the electromagnets in the vibration welder.

FIGs. 5A-5D are electrical schematic diagrams of the four IGBT’s associated with one of the electromagnets in the
vibration welder, and illustrating the current flow through those IGBT’s during one cycle of one of the electrical
currents in the timing diagram of FIG. 2.

FIG. 6 is an electrical schematic diagram of one embodiment of electrical circuitry included in the control modules
in the electrical control system of FIG. 1, for controlling one of the IGBT's.

FIG. 7 is a timing diagram of a waveform illustrating a "ping" mode of operation of the system of FIGs. 1-6

DETAILED DESCRIPTION

[0013] Although the invention will be described in connection with certain preferred embodiments, it will be understood
that the invention is not limited to those particular embodiments. On the contrary, the invention is intended to cover all
alternatives, modifications, and equivalent arrangements as may be included within the spirit and scope of the invention
as defined by the appended claims.

[0014] FIG. 1 illustrates a linear vibration welder that includes two stationary electromagnets L, and L, (e.g., attached
to a stationary frame) having rotors 10 and 11 at opposite ends of a moving element 12 that carries a plastic part P.
As the electromagnet L, is energized, the moving element 12 of the welder is moved to the left (as viewed in FIG. 1),
and as the electromagnet Ly is energized, the moving element 12 is moved to the right. The two electromagnets L, and
L, are energized and de-energized sequentially, with a 180° phase shift, to cause vibration of the moving element 12
and the plastic part P, that is firmly attached to the moving element 12. As the plastic part P, is vibrated, it is pressed
against a stationary plastic part P, by the hydraulic cylinder 28, so that the oscillatory motion of the vibrating plastic part
P, relative to the stationary plastic part P, generates heat that causes the engaging surfaces of both plastic parts to
melt, so that the two parts weld together as vibration is halted.

[0015] Electrical current is supplied to the coils of the two electromagnets L, and Ly from a power source Vp that
supplies DC current to the L, coil via four IGBT’s Q1-Q4, and to the Ly coil via four IGBT’s Q5-Q8. The two sets of four
IGBT’'s Q1-Q4 and Q5-Q8 form a two-phase drive system for the corresponding L, and Ly coils, forming an overall
synchronized four-phase drive system for the two coils. The first phase includes IGBT’s Q1 and Q2, the second phase
IGBT’s Q3 and Q4, the third phase IGBT’s Q5 and Q6, and the fourth phase IGBT’s Q7 and Q8. The electromagnet L,



10

15

20

25

30

35

40

45

50

55

EP 2977 185 A1

is powered by the first and second phases, while the electromagnet Ly is powered by the third and fourth phases. All
four phases are electrically identical except that the first and third phases are 180° out of phase with the second and
fourth phases, as will be discussed in more detail below.

[0016] The switching of the IGBT's Q1-Q8 is controlled by a pair of /, and /, control modules 20 and 21 and a system
frequency interface module 22 that control when the IGBT’s Q1-Q8 are turned on and off. Specifically, the control module
20 generates four gate voltages V1, V2, V3, V4 for the IGBT’s Q1-Q4, respectively, and the control module 21 generates
four gate voltages V5, V6, V7, V9 for the IGBT’s Q5-Q8, respectively. Each of the control modules 20 and 21 implements
direct feed-forward current control, using an input signal from one of a pair of current sensors 23 and 24 that produce
signals representing the actual currents in the respective L, and Ly coils. Both modules also use a preselected current
value I that represents the maximum current to be supplied to each of the L, and Ly coils, and a preselected time
period T, that represents the frequency at which each coil is repetitively energized and de-energized. The preselected
current value /g, effectively controls the amount of energy supplied to the L, and L, coils, to maintain the desired level
of melting of the engaged surfaces of the plastic parts P, and P, during the vibration welding of those parts. The
preselected time period T, effectively controls the period of each cycle of successive energizing and de-energizing of
the electromagnets L, and Ly, to match the resonant frequency of the mechanical portions of the vibration welder so
that maximum energy is transferred to the plastic parts P, and P, during the vibration welding of those parts.

[0017] The current flowing through the L, coil is monitored by the current sensor 23, which produces an output signal
1, representing the instantaneous magnitude of that current. Similarly, the current flowing through the Ly coil is monitored
by the current sensor 24, which produces an output signal Iy representing the instantaneous magnitude of that current.
The control modules 20 and 21 compare the signals /, and /,, respectively, with the preset value /s, FIG. 2 is a timing
diagram illustrating how the signals /, and /, are used by the module 20 to generate the control signals that turn the
IGBT’s Q1-Q4on and off.

[0018] In FIG. 2, the upper diagram represents the current flow in the L, coil, and the lower diagram represents the
current flow in the Ly coil. One complete cycle extends from time to to time t,. In this illustrative example, energizing of
the L, coil begins at time to, when the control module 20 generates control signals that turn on the IGBT Q1 and turn
off the IGBT Q2. The IGBT Q3 remains off and the IGBT Q4 remains on from the previous cycle. As illustrated in FIG.
5A, this combination of states for the four IGBT’s Q1-Q4 causes current to flow through the L, coil from the source +V/,,,
increasing from zero at time {, to the preselected value Iy at time t,. The length of the time interval between {; and t,
is determined by when /, reaches the level I, which is detected in the control module 20 by continually comparing /,
with the preselected value /.

[0019] When I, reaches I, at time t;, the control module 20 generates control signals that turn off the IGBT Q1 and
turn on the IGBT Q2, so that the current level in the L, coil cannot be increased any farther. The IGBT Q3 remains off,
and the IGBT Q4 remains on. As illustrated in FIG. 5B, this combination of states for the four IGBT’s Q1-Q4 reduces
the voltage applied to the L, coil to zero and causes the current in the L, coil to continue to flow through the L, coil via
the IGBT’s Q2 and Q4, at the level of Iy, until time t,.

[0020] The length of the time interval between t; and t, is determined by the preselected value 72T, stored in a
memory in the module 22, which also includes a microprocessor that measures the elapsed time following t,. When that
elapsed time equals 72T, the microprocessor generates control signals that turn on the IGBT Q3 and turn off the IGBT
Q4. The IGBT Q1 remains off, and the IGBT Q2 remains on. As illustrated in FIG. 5C, this combination of states for the
four IGBT's Q1-Q4 applies a reversed voltage -V, to the L, coil, which causes current to flow through the L, coil from
the source -V, via the IGBT’s Q3 and Q2, decreasing from /s, at time t, to zero, attime t;. The length of the time interval
between t, and t5 is determined by when /, reaches zero, which is detected in the control module 20 by continually
comparing /,, with a zero reference value.

[0021] When I, reaches zero, the control module 20 generates control signals that turn off the IGBT Q3 and turn on
the IGBT Q4, at time {3, to maintain the zero-current condition in the L, coil. The IGBT Q1 remains off, and the IGBT Q2
remains on. As illustrated in FIG. 5D, this combination of states for the four IGBT’s Q1-Q4 reduces the voltage applied
to the L, coil to zero and maintains the zero-current condition in the L, coil until time t,, which is when the next cycle begins.
[0022] As can be seen in FIGs. 2 and 3, the length of the time interval between t, and t; is approximately the same
as the time interval between t, and t;, because the change in current is the same in both intervals, i.e., the difference
between I, and zero. The length of the time interval between t; and t, is determined by the preselected value T
stored in a memory in the module 22, which also includes a microprocessor that measures the elapsed time following
to- When that elapsed time equals T, the microprocessor generates control signals that turn on the IGBT Q1 and turn
off the IGBT Q3 to begin the next cycle.

[0023] The lower diagram in FIG. 2 represents the current flow in the Ly coil. One complete cycle extends from time
tp to time {4 In this illustrative example, de-energizing of the Ly coil begins at time t, when the control module 20
generates control signals that turn on the IGBT Q7 and turn off the IGBT Q8. The IGBT Q5 remains off, and the IGBT
Q6 remains on from the previous cycle. This combination of states for the four IGBT’s Q5-Q8 applies a reversed voltage
-Vp to the Ly coil, which causes the current flowing through the Ly coil, via the IGBT’s Q6 and Q7, to decrease.
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[0024] When the current in the Ly coil decreases to zero, which is detected in the control module 20 by continually
comparing /, with the zero reference value, the control module generates control signals that turn off the IGBT Q7 and
turn on the IGBT Q8 at time t;. The IGBT Q5 remains off, and the IGBT Q6 remains on. This combination of states for
the four IGBT’s Q5-Q8 reduces the voltage applied to the Ly coil to zero and maintains the zero-current condition in the
Ly coil until time t,.

[0025] The length of the time interval between t; and t, is determined by the preselected value 72T, stored in a
memory in the module 22, which also includes a microprocessor that measures the elapsed time following t,. When that
elapsed time equals 2T, the microprocessor generates control signals that turn on the IGBT Q5 and turn off the IGBT
Q6. The IGBT Q7 remains off, and the IGBT Q8 remains on. This combination of states for the four IGBT’s Q5-Q8 applies
a voltage +V,, to the Ly coil, which causes the current flowing through the L, coil, via the IGBT's Q5 and Q8, to increase
from zero at time £, to /g, at time t5. The length of the time interval between t, and t; is determined by when /, reaches
the level /g, which is detected in the control module 20 by continually comparing /, with the preselected value /.
[0026] When /, reaches /s, attime t3 the control module generates control signals that turn off the IGBT Q7 and turn
on the IGBT Q8, so that the current level in the Ly coil cannot be increased any farther. The IGBT Q5 remains off, and
the IGBT Q6 remains on. This combination of states for the four IGBT’s Q5-Q8 causes the current in the Ly coil to
continue to flow through the Ly coil via the IGBT’s Q6 and Q8, at the level of /5, until time t,.

[0027] The length of the time interval between t; and t, is determined by the preselected value T, stored in a memory
in the module 22, which also includes a microprocessor that measures the elapsed time following f,. When that elapsed
time equals T, the microprocessor generates control signals that turn on the IGBT Q5 and turn off the IGBT Q6 to
begin the next cycle.

[0028] FIG. 3 is an enlarged timing diagram of one period of the drive current supplied to the coil of one of the
electromagnets 10 or 11. The drive currents supplied to the two electromagnets are identical, except that they are 180°
out of phase with each other.

[0029] The voltage V across each of the L, and Ly coils can be expressed as:

di
V=iR+L— 1
i 0 (1)

where

V is the voltage across the electromagnet coil,

R is the equivalent series resistance of the electromagnet caoil,
L is the equivalent inductance of the electromagnet coil, and

i is the current in the electromagnet coil.

[0030] Because of the large physical size of the electromagnet, the equivalent series resistance of either the L, coil
or the Ly coil can be considered negligibly small in comparison with the equivalent inductance of that coil. Thus, equation
(1) can be approximated as:

di
V=L— 2
I 2)

[0031] Replacing di with Ai and replacing dt with At, and then solving for Ai, yields:

ai=Yn o a=Lai 3)
L v

[0032] According to equation (3), the time interval between {, and t; is determined by the current through the L, coil
linearly increases by Ai = (/5 - 0), the voltage V,,, and the inductance of the L, coil. From equation (3), IF v = 0, then Ai
= 0. Thus, current through the coil does not change, remaining at a substantially constant value as long as V = 0.

[0033] It can be seen that the period of the cycle is precisely defined by the time interval T, between to and t,, while
the shape of the current waveform is defined by the feed forward current control, defined by the /,; value. For example,
FIG. 4 shows the shapes of the current waveforms for /g, and V2T, For V2T, the time intervals (t,-t;) and (t,-t5)
decrease to about 2 of those same intervals in FIGs. 2 and 3, while the overall period T, remains the same because

the intervals (t;-t5) and (t3-t;) increase.
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[0034] Theillustrated system provides a symmetrical four-phase drive in which each control element is equally loaded,
and no control element is electrically stressed more than another control element. The timing diagram of the electromagnet
control varies as a function of the required energy level, while the overall frequency of the energizing and de-energizing
cycles is maintained at a set frequency level. The IGBT control modules 20 and 21 implement a direct feed-forward
current control, which provides fast, direct and dynamically accurate control of the current supplied to the electromagnets,
which in turn allows accurate delivery of welding energy to the workpieces. The structure of the feed-forward control for
one IGBT is shown in FIG. 6.

[0035] At the beginning of each stage, the signal START sets the output of a flip-flop 62 to a high voltage level. The
IGBT Q1 switches into conduction, and the current in the L, coil gradually increases. When the current reaches Iy, a
comparator 61 resets the flip-flop (signal STOP), which turns off the IGBT Q1. This configuration allows the setting of a
desired current value /¢ directly within each charge-discharge period.

[0036] The second stationary plastic part P, of FIG. 1 is engaged by the hydraulic cylinder 28, controlled by a weld
process real-time controller 25, which repeatedly samples values from a linear position sensor 26 and a pressure sensor
27. The sampled value from the linear position sensor 26 indicates the position of the plastic part P, relative to the plastic
part P;. The sampled value from the pressure sensor 27 indicates the pressure between the plastic parts P; and P,. As
this pressure reaches the set point, the welding process starts.

[0037] The sampled values from the pressure and linear position sensors may be used by the drive’s internal real-
time control circuitry to precisely monitor the pressure between two engaged parts, and the position of the second
workpiece, for controlling the drive’s position and pressure. The response time of the internal real-time control circuitry
is very short (typically 5 us to 50 us), thus significantly improving the repeatability and accuracy of the welding process.
[0038] The system illustrated in FIG. 1 also includes a vibration sensor 29, which may be an inductive sensor or any
other sensor detecting vibration of the moving element 12. The moving part of the sensor 29 is firmly linked with the
moving element 12 so that the AC EMF in the coil of the sensor 29 reflects the amplitude and frequency of the movement
of the element 12. The output of the sensor 29 is sampled by the system frequency interface module 22, which in turn
defines the value T, passed to the control modules 20 and 21.

[0039] The illustrative system also permits power profiling of the welding operation, by controlling the actual amount
of power applied to the weld joint throughout a welding cycle. This permits accurate control of both the welding process
and the quality of the weld joint. The power P applied to the weld joint is a function of both the voltage V and the current
| supplied to the coils L, and Ly, i.e., P = V*I. The current | is controlled by the value of the /. described above, and
this value can be changed throughout a weld cycle, according to a preset profile. The voltage applied to the coils L, and
L, is controlled by the value of the voltage V, supplied to the drive system, and this value can also be changed throughout
a weld cycle according to a preset profile, by using a closed-loop voltage control system like the closed-loop current
control system shown in FIG. 6. By controlling the current | and/or the voltage V, the power delivered to the weld joint
can be precisely controlled throughout each weld cycle to achieve a desired power profile. Alternatively, a desired power
profile can be achieved by adjusting the force applied to the workpieces by the hydraulic cylinder 28 to achieve the
changes in P = V*I required to follow a preset power profile.

[0040] The Q factor of a welder is a function of the quality of its springs, coils, lamination carriers, drive and the actual
upper tooling. While springs, coils, lamination carriers and drives have fairly good repeatability and tight tolerances (since
they are standard components shared among the machines), the upper tooling is unique to every part being welded.
Therefore, the quality of the tooling design and manufacturing can have a significant effect on the overall welder per-
formance. A typical value of the Q factor for a vibration welder is between 100 and 160. The higher value indicates a
better built system that runs more efficiently with fewer losses and is more reliable. This value is measured and stored
in the machine controller during the factory testing. As the machine ages, the Q is monitored and compared to the original
value. Its decrease can serve as an early warning of the tool or machine deterioration. It is also valuable for troubleshooting
purposes. A user may set limits around the Q value to warn of such occurrences. If a user changes the tool, a new Q
value is calculated. This feature can also be used as a quantative measure of the tool quality, once the new tool is tested.
[0041] To determine the resonant frequency of the mechanical part, the system frequency interface module 22 in FIG.
1 uses a "ping" method, which begins when the system frequency interface module 22 generates a "ping" enable pulse
(see FIG. 7). The "ping" enable pulse enables the control modules 20 and 21 to activate the coils X and Y at a preselected
initial frequency for a short period of time (typically between 50 ms and 200 ms, which corresponds to about 10 to 40
cycles of the operating frequency). The control modules 20 and 21 are then disabled. The mechanical part continues
damped oscillations at its resonant frequency, similarly to an acoustic tuning fork. The frequency F, of the oscillations
is measured by the system frequency interface module 22, by sampling the output of the inductive sensor 29. Measure-
ment is done over multiple cycles to average multiple periods and therefore provide high measurement accuracy. This
frequency F . is then used in the next "ping" cycle.

[0042] The "ping"frequency measurementis executed between the weld cycles so that it does not affect the throughput
of the welder. The measured resonant frequencies Fg, are stored in the memory of the system frequency interface
module 22, and atrend reportis generated. Thereportis utilized to track the frequency fluctuations caused by temperature
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changes or other factors. In addition, after each measurement, the new period T, is calculated as:

T, =1/F 4

osc

and passed to the control modules 20 and 21.
[0043] The Q factor of the movable mechanical system is measured as:

Q::Fosc(tb_ta) (5)
where:

Q - system Q (quality) factor

t, - time at the maximum amplitude after the "ping" signal is over (FIG. 7)
t, - time, when the amplitude declines in half (FIG. 7)

F,sc - measured frequency

[0044] While particular embodiments and applications of the present invention have been illustrated and described,
it is to be understood that the invention is not limited to the precise construction and compositions disclosed herein and
that various modifications, changes, and variations may be apparent from the foregoing descriptions without departing
from the spirit and scope of the invention as defined in the appended claims.

[0045] In accordance with a further aspect of the present invention, a vibration welding system for welding first and
second workpieces by effecting reciprocating movement of the first workpiece relative to the second workpiece while
urging the workpieces together is provided. The vibration welding system comprises first and second workpiece supports,
wherein the first workpiece support is mounted for reciprocating movement relative to said second workpiece support,
apair ofelectromagnets coupled to said first workpiece support for effecting reciprocating movement of said firstworkpiece
support, and an electrical drive system coupled to said electromagnets for successively energizing and de-energizing
said electromagnets out of phase with each other to effect said reciprocating movement of said first workpiece support.
The drive system comprises a source of DC current, multiple controllable electronic switching devices for controllably
coupling said source to, and de-coupling said source from, each of said electromagnets, current sensors coupled to said
electromagnets and producing signals representing the currents supplied to said electromagnets, and control circuitry
coupled to said electronic switching devices and receiving the signals produced by said current sensors for turning said
switching devices on and off to control the energizing and de-energizing of said electromagnets to effect reciprocating
movement of said first workpiece support.

[0046] Preferably, the first workpiece support is part of a movable mechanical system that has a resonant frequency
of vibration, the control circuitry is programmed to maintain a preselected time period for each successive cycle of
energizing and de-energizing each of said electromagnets, and said preselected time period corresponds to said resonant
frequency of said movable mechanical system.

[0047] Preferably, the control circuitry is configured to compare said signals produced by said current sensors with a
preset current level and to control the currents supplied to said electromagnets and thereby control the amount of energy
supplied to said electromagnets and thus to said workpieces.

[0048] More preferably, said control circuitry is configured to increase the current supplied to each electromagnet until
a preset current level /o, is detected.

[0049] Also preferably, said preset current level is adjusted during a welding cycle to adjust the amount of energy
supplied to said electromagnets and thus to said workpieces to follow a preset power profile for the amount of energy
delivered to said workpieces during said welding cycle.

[0050] More preferably, the voltage across said electromagnets during a welding cycle is controlled to adjust the
amount of energy supplied to said electromagnets and thus to said workpieces to follow a preset power profile for the
amount of energy delivered to said workpieces during said welding cycle.

[0051] Also preferably, the current | and voltage V supplied to said electromagnets are controlled during a welding
cycle to supply said workpieces with a power P = V*| that follows a preset profile for the amount of Power P delivered
to said workpieces during said welding cycle.

[0052] According to a preferred embodiment, the vibration welding system of the foregoing further aspect includes a
sensor for monitoring the pressure between said first and second workpieces, and the linear position of said second
workpiece.

[0053] Also preferably, the vibration welding system of the foregoing further aspect includes a hydraulic cylinder urging
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said two workpieces together, a pressure sensor detecting the pressure between said workpieces, and movement of
said hydraulic cylinder started is initiated in response to the detection of a preselected pressure by said pressure sensor.
[0054] Also preferably, the vibration welding system of the foregoing further aspectincludes avibration sensor detecting
vibration of the mechanical portion of the vibration welding system and producing an output signal for use in measuring
the resonant frequency of said mechanical portion, and said control circuitry is adapted to determine the Q of said
movable mechanical system, and the control circuitry is adapted to maintain a preselected time period for each successive
cycle of energizing and de-energizing each of said electromagnets, said preselected time period corresponding to said
resonant frequency of said movable mechanical system.

[0055] Accordingto still another aspect of the present invention, a vibration welding method for welding first and second
workpieces by effecting reciprocating movement of the first workpiece relative to the second workpiece while urging the
workpieces together is provided. The method comprises the steps of mounting a first workpiece support for reciprocating
movement relative to a second workpiece support, effecting reciprocating movement of said first workpiece support with
a pair of electromagnets coupled to said first workpiece support, and successively energizing and de-energizing said
electromagnets out of phase with each other to effect said reciprocating movement of said first workpiece support by
controllably coupling a source of DC current to, and de-coupling said source from, each of said electromagnets, producing
signals representing the currents supplied to said electromagnets, and using said signals representing said currents to
control the energizing and de-energizing of said electromagnets to effect reciprocating movement of said first workpiece
support.

[0056] Preferably, said first workpiece support is part of a movable mechanical system that has a resonant frequency
of vibration, and maintaining a preselected time period for each successive cycle of energizing and de-energizing each
of said electromagnets, said preselected time period corresponding to said resonant frequency of said movable me-
chanical system.

[0057] Preferably, said first workpiece support is part of a movable mechanical system that has a resonant frequency
of vibration, and the method further includes the step of determining the Q of said movable mechanical system.
[0058] More preferably, the vibration welding method includes the further step of comparing said Q of said movable
mechanical system with set limits to evaluate or troubleshoot said movable mechanical system.

[0059] Also preferably, said Q of said movable mechanical system is determined by pinging said movable mechanical
system with an oscillating signal and then measuring the frequency of said system during ring-down following the
termination of said oscillating signal and the time period between the termination of said oscillating signal and the time
when the amplitude of said ring-down drops to half its initial value.

Claims

1. A vibration welding system for welding first and second workpieces by effecting linear reciprocating movement of
the first workpiece relative to the second workpiece while urging the workpieces together, said vibration welding
system comprising:

first and second workpiece supports, said first workpiece support being mounted for linear reciprocating move-
ment relative to said second workpiece support;

a pair of electromagnets coupled to said first workpiece support for effecting linear reciprocating movement of
said first workpiece support, each of said electromagnets including a drive coil; and

an electrical drive system including a pair of two-phase drive systems each of which is coupled to one of said
coils for successively energizing and de-energizing said electromagnets out of phase with each other to effect
said linear reciprocating movement of said first workpiece support, each of said two-phase drive systems in-
cluding:

a source of DC current,

multiple controllable electronic switching devices for controllably coupling said source of DC current to, and
de-coupling said source of DC current from, each of said electromagnets, a first of said electromagnets
powered by a first phase, the first phase including first and second of said controllable electronic switching
devices being connected between said source of DC current and the coil, and a second of said electro-
magnets powered by a second phase, the second phase including third and fourth of said controllable
electronic switching devices being connected between said source of DC current and the coill,

current sensors coupled to said electromagnets and producing signals representing the currents supplied
to said electromagnets, and

a control module coupled to said electronic switching devices and receiving the signals produced by said
current sensors for turning said switching devices on and off to control the energizing and de-energizing of
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said electromagnets to effect reciprocating movement of said first workpiece support.

The vibration welding system of claim 1 in which said electronic switching devices are power semiconductor devices,
such as insulated-gate bipolar transistors.

The vibration welding system of claim 1 or 2 in which said electronic switching devices are substantially equally
loaded and substantially equally stressed by switching.

The vibration welding system of claim 1 which includes a vibration sensor detecting vibration of the mechanical
portion of the vibration welding system and producing an output signal for use in measuring the resonant frequency
of said mechanical portion, and said control circuitry is adapted to determine the Q factor of said vibration welding
system.

The vibration welding system of claim 4 in which said control circuitry is adapted to maintain a preselected time
period for each successive cycle of energizing and de-energizing each of said electromagnets.

The vibration welding system of claim 5, in which said first workpiece support is part of a movable mechanical system
that has a resonant frequency of vibration, said control circuitry is programmed to maintain a preselected time period
for each successive cycle of energizing and de-energizing each of said electromagnets, and said preselected time
period corresponds to said resonant frequency of said movable mechanical system.

The vibration welding system of claim 6 in which said control circuitry is adapted to compare said Q factor of said
vibration welding system with set limits for evaluating or troubleshooting said movable mechanical system.

The vibration welding system of claim 6 in which said control circuitry is adapted to determine the Q factor of said
vibration welding system by pinging said movable mechanical system with an oscillating signal and then measuring
the frequency of said system during ring-down following the termination of said oscillating signal and the time period
between the termination of said oscillating signal and the time when the amplitude of said ring-down drops to half
its initial value.

The vibration welding system of claim 1 in which said electrical drive system includes a two-phase drive system for
the drive coil of each electromagnet, each two-phase drive system including first and second of said controllable
electronic switching devices being connected between said source of DC current and a first end of the drive coil,
and third and fourth of said controllable electronic switching devices being connected between said source of DC
current and a second end of the drive coil, and said control circuitry coupled to said first, second, third and fourth
switching devices supplies the drive coil with current by repetitively turning on the first and fourth switching devices
and turning off the second and third switching devices to supply the drive coil with a current that increases to a
preset level, then turning off the first and third switching devices and turning on the second and fourth switching
devices to maintain the current supplied to the drive coil at said preset level for a preset time interval, then turning
off the first and fourth switching devices and turning on the second and third switching devices to reduce the current
supplied to the drive coil to zero, and then turning off the first and third switching devices and turning on the second
and fourth switching devices to maintain the zero current level for a preset time interval.

The vibration welding system of claim 9 in which said preset current level controls the amount of energy supplied
to the drive coil.

A vibration welding method for welding first and second workpieces by effecting linear reciprocating movement of
the first workpiece relative to the second workpiece while urging the workpieces together, said method comprising:

mounting a first workpiece support for linear reciprocating movement relative to a second workpiece support;
effecting linear reciprocating movement of said first workpiece support with a pair of electromagnets coupled
to said first workpiece support, each of said electromagnets including a drive coil; and

successively energizing and de-energizing said electromagnets out of phase with each other to effect said linear
reciprocating movement of said first workpiece support by:

controllably coupling a source of DC current to, and de-coupling said source from, each of said electro-
magnets,
producing signals representing the currents supplied to said electromagnets, and
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using said signals representing said currents to control the energizing and de-energizing of said electro-
magnets to effect linear reciprocating movement of said first workpiece support.

The vibration welding method of claim 11, wherein the source of DC current is supplied by a constant voltage power
source while each of said electromagnets is controllably coupled to the source of DC current and de-coupled from
said source.

The vibration welding method of claim 12, further comprising changing the value of the voltage of the power source
using a closed-loop voltage control system.

The vibration welding method of claim 11, wherein the source of DC current has a generally constant value for a
time interval in which each corresponding one of said electromagnets is coupled to the source of DC current.

The vibration welding method of claim 11, wherein each of the electromagnets is controllably coupled to the source
of DC current and de-coupled from said source using a drive system having a constant voltage having a preset
value, the method further comprising causing the present value of the voltage to change using a closed-loop voltage
control system.

10
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